Background: The occurrence and prevalence of integrons in clinical microorganisms and their role played in antimicrobial resistance have been well studied recently. As screening and detection of integrons are concerned, current diagnostic methodologies are restricted by significant drawbacks and novel methods are required for integrons detection. Results: In this study, three loop-mediated isothermal amplification (LAMP) assays targeting on class 1, 2 and 3 integrons were implemented and evaluated. Optimization of these detection assays were performed, including studing on the reaction temperature, volume, time, sensitivity and specificity (both primers and targets). Application of the established LAMP assays were further verified on a total of 1082 isolates (previously identified to be 397 integron-positive and 685 integron-negative strains). According to the results, the indispensability of each primer had been confirmed and the optimal reaction temperature, volume and time were found to be 65°C, 45 min and 25 μL, respectively. As application was concerned, 361, 28 and 8 isolates carrying intI1, intI2 and intI3 yielded positive amplicons, respectively. Other 685 integron-negative bacteria were negative for the integron-screening LAMP assays, totaling the detection rate and specificity to be 100%.
Background
In the past decades, indiscriminate abuse of existing antibiotics leads to proliferation of antibiotic resistance in microorganisms and consequently results in an increasing number of clinical failures in bacterial mediated diseases [1] [2] [3] . Up to date, a number of resistance mechanisms are responsible for the emergence and prevalence of antimicrobial resistance, such as plasmids and transposons [4] .
Recently, the occurrence and prevalence of integrons in clinical microorganisms and their role played in antimicrobial resistance have been well studied. As a novel resistance determinant, integron was firstly reported in 1989 [5] , and its mechanism and mobility, such as the excision and integration for gene cassettes, had been further investigated [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . A complete integron platform may comprise three basic genetic elements, the integrase gene (intI), recombination site attI and a promoter (Pc). Pc is functionally demonstrated for all integrons and the integrase gene encodes a tyrosine-recombinase family integrase which mediates recombination between two recombination sites, mostly the proximal primary attI site and a secondary target called an attC site. Through specific excision and integration, gene cassettes become part of integron and mediate various function for the hosts, with resistance cassettes mostly identified [15] [16] [17] . Integrons have been classified and divided into several classes based on the differences and divergence in the sequences of intI. Up to date, 4 general classes of integrons have been identified and distinguished, and classes 1 to 3 integrons are known as multi-resistant integron (RIs). RIs had been reported to be capable of acquiring same gene cassettes via similar recombination platform [18] [19] [20] [21] [22] . Currently, integrons are considered to be widely distributed and spread among clinical microorganisms and thus play a key role in the dissemination of such antimicrobial resistance, which may eventually contribute to the unleashing of "Super Bugs" [23] [24] [25] .
As screening and detection of integrons were concerned, polymerase chain reaction (PCR) has been widely used. However, the requirement for PCR cycler machine and electrophoresis of PCR amplicons have restricted its further application, especially in clinical laboratory [2, 26] . In the latest decade, loop-mediated isothermal amplification (LAMP), as a novel nucleic acid amplification method, had been reported [27] [28] [29] and applied to the detection of various pathogenic organisms [26, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . This LAMP methodology relies on an auto-cycling strand displacement DNA synthesis performed by the Bst DNA polymerase large fragment, with 4 or 6 primers recognizing 6-8 distinct regions of the target gene ( Figure 1 ) and generating the loop-mediated amplification under isothermal conditions between 60-65°C [27] [28] [29] . Amplicons are mixtures of many different sizes of stem-loop DNAs containing several inverted repeats of the target sequence and cauliflower-like structures with multiple loops [30, 46] . In this study, LAMP assays on resistance integrons screening (including class 1, 2 and 3 integrons) were evaluated, optimized and further applied to the detection of a large scale of clinical isolates, with approximately 60 min required for the entire process.
Results and discussion

Optimization of integron-screening LAMP assays
Based on the amplification principle, the specific LAMP reaction generated many ladder-like pattern bands on agarose gel due to its characteristic secondary structure, with sizes ranging from 193 bp for intI1, 148 bp for intI2 and 168 bp for intI3, respectively (Figure 2 ). LAMP assays were performed under isothermal condition between 59°C and 66°C and none of significant difference was found. Sequences of the small-size amplicons were identical to those PCR amplified with F3 and B3. However, the LAMP product amplified at 65°C exhibited slightly larger amount of DNA amplicons when compared to other temperatures (data not shown), which was consistent with previous studies [4, 26, 46] . Reaction lengths of LAMP assays were varied between 15 min, 30 min, 45 min, 60 min, 75 min and 90 min, under 65°C. With loop primers (LF and LB), the amplification was initially detected at 30 min, and reached maximal detection levels at 45 min. Nevertheless, without loop primers, amplification products were not detected until 90 min (data not shown). Primer specificity had been confirmed as no amplification was obtained in the absence of each of FIP, BIP, F3 or B3 primers, demonstrating LAMP assays were applicable only in the existence of both inner and outer primers. Therefore, each of the primers plays an indispensable role in auto-cycling strand displacement reaction by forming the loop out structure. All amplicons of integron-screening LAMP assays were determined by gel electrophoresis, as well as observation directly by naked eye and under UV light in combination with Sybr Green stain ( Figure 2 ). The optimal reaction condition was determined as 65°C for 45 min, and then used for further LAMP assays.
Sensitivities of integron-screening LAMP and PCR assays
The sensitivities of integron-screening LAMP and PCR assays were studied by the determination of both minimal CFU and minimal template DNA amount of bacteria. The detection limits of LAMP assays were found to be 100 fg DNA/tube and 10 CFU/reaction (LAMP was positive for sample containing 1 × 10 4 CFU/mL, with 1 uL was included in the reaction system) for intI1, while PCR was 10 pg DNA/tube and 10 3 CFU/reaction respectively, indicating that LAMP was 100-fold more sensitive than PCR assays (Figure 3) . The same results were also obtained in the other two integron-screening LAMP assays for intI2 and intI3 (Figures 4 and 5) . Due to its powerful amplification efficiency, LAMP had been characterized by high sensitivity and low detection limits, showing a significant advantage compared with PCR assays in the present study. The established LAMP assays may acceptably fulfill the requirement of low level detection of bacterial integrons in the clinical specimens.
Application of LAMP assays on a large scale of bacterial isolates
After establishment and optimization, such integronscreening LAMP assays were applied to the detection of 1082 microorganisms, including 397 integron-positive and 685 integron-negative isolates, with comparative validation by standard PCR assays (Table 1) . For application, rapid DNA preparation process, simple heating equipments and results determination by observation directly by naked eye and under UV light had been applied. All of the 397 integron-positive isolates yielded positive amplicons and other 685 integron-negative bacteria were negative for the integron-screening LAMP and PCR assays, totaling 100% detection rate (Table 1 ). All the reactions had been replicated, and high reproducibility (100%) was obtained. For example, as shown in Figure 6 , no difference was observed in the results of three parallel trials when the samples of Staphylococcus warneri 012502 (class 1 integron positive), Escherichia coli SK60 (class 2 integron positive) and Salmonella choleraesuis ATCC 1312 (three integrons negative) were detected in triplicates using integronscreening LAMP, respectively. Moreover, high specificity had been illustrated by no false positive observations for these reference strains during application in this study. With inner and outer primers recognizing six distinct regions, higher specificity should be achieved with LAMP as compared to more conventional PCR-based methodologies. Until recently, some other isothermal amplification techniques, such as nucleic acid sequence-based amplification and the self-sustained sequence reaction, were reported to be less specific due to their low reaction stringency (40°C) [26] . Furthermore, these technologies require either a precision instrument for amplification or an elaborate method for detection of the amplified products, which restrict their broad application [26] .
With the reaction performed under isothermal conditions without a thermal cycler, only simple equipment like a heat block and water baths were needed for the operation of LAMP assays at low expense. Additionally, the total detection time, including DNA preparation, LAMP reaction and results determination, was approximately 70 min, while conventional PCR methodology require nearly 2 h for amplification reactions alone. Therefore, the described LAMP methodology had been considered as the rapid, cost-effective, sensitive and specific detection assays for the screening of bacterial integrons.
Conclusions
In this study, 3 integron-screening LAMP assays targeting on intI1, intI2 and intI3 were developed and further applied to the rapid detection of the bacterial integrons 
Integrons negative microorganisms 685
Staphylococcus aureus 138 ---
of 1082 clinical strains. Both sensitivity and specificity were found to be 100%. Comparing with conventional PCR, the intI1-, intI2-and intI3-LAMP assays exhibited advantages on detection limit, sensitivity, simplicity and rapidity. In conclusion, the described LAMP was demonstrated to be a valid and rapid detection method for integrons screening, which might aid in both the laboratory and clinical investigations.
Methods
Bacterial strains
For implementation and evaluation of the integronscreening LAMP assays, Vibrio cholerae O1 strain SK-10, Escherichia coli strain WF108314 harboring an R483:: Tn7 plasmid and Serratia marcescens AK9373 were used as a positive control for class 1, 2 and 3 integrons, respectively. For application of the established LAMP assays, a total of 1082 strains were studied, including various species of gram-negative and gram-positive isolates (Table 1) with 397 integron-positive microorganisms and 685 integron-negative microorganisms, including 361, 28 and 8 isolates carrying intI1, intI2 and intI3, respectively. All these tested bacteria were provided by the First Affiliated Hospital of Jinan University (Guangzhou, China) and Zhongshan Supervision Testing Institute of Quality & Metrology, and previously identified using standard Table 1 Reference strains included in the evaluation of integron-screening LAMP assays (Continued) procedures, including colony morphology, Gram staining, Vitek® 2 automated system and the API® commercial kit (BioMerieux, France) (unpublished data).
Primer design
For each of intI1, intI2 and intI3, a set of inner primers (forward and backward inner primers), outer primers (F3 and B3) and loop primers (LF and LB, to accelerate reaction) were specially designed for LAMP reaction to target 8 distinct regions ( Figure 1 and Table 2 ). Forward inner primer (FIP)/backward inner primer (BIP) consisted of the complementary sequence of F1 (F1c)/B1 (B1c), a T-T-T-T linker and F2/B2; and outer primers F3 and B3 located outside of the F2 and B2 regions, respectively. Loop primers LF and LB were located between F2 and F1 or B1 and B2, which were designed to anneal at the loop structure of the amplicons and accelerate and enhance the sensitivity [27] [28] [29] . The primers were designed using PrimerExplorer® V4 (PrimerExplorer, Eiken Chemical Co. Ltd.) according to the reference sequences of intI1, intI2 and intI3 acquired on GenBank (Nos. AF550415, AP002527 and AY219651).
Preparation of template DNA
Cultural conditions and template DNA extraction of the tested gram-positive and gram-negative strains were prepared as described previously [47] [48] [49] [50] [51] [52] . In brief, these strains were innoculated Luria-Bertani (LB) broth and incubated overnight at 37°C with shaking. The collected culture was then diluted 10-fold in 10 mM Tris-HCl (pH 8.0) containing 1 mM EDTA. The suspension was boiled for 10 min and further kept on ice. After centrifugation at 12,000 g for 3 min, the resulting supernatant was used as templates for LAMP and PCR assays.
Implementation, evaluation and optimization of integron-screening LAMP assays Table 2 . The amplified products (5 μL/well) were analyzed by gel electrophoresis in 2% agarose gels and stained with ethidium bromide for 10 min. The detection limits of LAMP and PCR assays were ascertained by the determination of both minimal colony-forming units (CFU) and minimal template DNA amount of bacteria. In brief, overnight cultures and template DNAs from V. cholerae O1 strain SK-10, E. coli strain WF108314 and S. marcescens AK9373 were serially diluted 10-fold with sterile water, ranging from 10 2 to 10 8 CFU/mL and 10 −14 to 10 −7 g DNA, respectively. A negative control was performed using sterile water instead of the bacterial culture or DNA.
Application of LAMP assays on a large scale of bacterial isolates
One thousand and eighty-two isolates were subjected to detection by the integron-screening LAMP and standard PCR assays as aforementioned (Table 1) . Optimal parameter was used with LAMP reaction processed at 65°C for 45 min. Heating and isothermal amplification were separately performed on the heating block and water bath. Positive LAMP reactions were measured by several qualitative criteria as follows: 1. Observation of white magnesium pyrophosphate precipitates at the bottom of microfuge tubes, which were generated during the strand displacement autocycling reaction; 2. Determination by staining with a 1/10 dilution of SYBR Green I and visualization of a positive reaction both colorimetrically by the naked eye as well as imaging under an ultraviolet (UV) light source [51] . In addition, LAMP and PCR amplicons were also evaluated by electrophoresis as mentioned above. These experiments were performed in triplicates to ensure reproducibility.
